Phytoplankton development in aquatic ecosystems is caused by interactions among multiple environmental factors. Physical processes, particularly development of thermal stratification, have been proposed to be important factors for regulating phytoplankton composition and abundance during summer. This study examined the temporal pattern of thermal stratification during summer in Lake Erken, Sweden, based on 21 years of historical data spanning 23 years and investigated the role played by water stability on phytoplankton development. Water column stability indexes were calculated from high frequency measurements during periods of summer thermal stratification. Clustering and ordination analyzed the dissimilarities between communities during different periods and extracted the significant environmental gradients controlling phytoplankton succession. Wind introduced the major external disturbance to Lake Erken during summer and played an important role for the progression of thermocline depth. Species-specific thermal stability preference or tolerance determined the response of individual species to the stratification and constitutes a mechanism of species selection in phytoplankton dynamics. Lake Erken is an unstably stratified lake during summer, caused by wind-induced turbulence and internal seiches. Adaptation to these unstable conditions is the major determinant of phytoplankton dynamics. Hydrodynamic variability, characterized by different stability indexes in early, mid, and late summer, was the key factor regulating phytoplankton dynamics, directly by changing phytoplankton distribution and indirectly by altering both the light and nutrient availability in the epilimnion.
Introduction
Climate-related factors could have multifaceted and farreaching impacts on lakes. They influence not only physical forcing by irradiance availability, precipitation, wind and water inflows, but also changes in thermal stratification and nutrient regeneration. These combined effects could affect the phenology and succession of plankton in aquatic ecosystems (Adrian et al. 2006 , Blenckner et al. 2007 ). Lakes are sentinels of climate change that can integrate historical climate signals and respond to shifts in climate (Adrian et al. 2009 , Jennings et al. 2012 ). Responses to climate variations are lake-specific, depending on geographical location, topography of the lake watershed, and bathymetry of the lake basin in conjunction with the background of global, regional, and local weather (Weyhenmeyer 2008) . Ice cover in winter, thermal stratification, and external nutrient loading in summer are key lake properties affected by historical climate conditions that determine the intrinsic conditions that regulate lake metabolism and other biogeochemical processes.
Phytoplankton development is the outcome of the interplay between internal and external factors. Climateinduced variation in physical forcing, mainly air temperature, solar radiation, and wind, acts directly on lake ecosystems. Heat input from solar radiation warms surface water, leading to density differences and thus thermal stratification. Wind introduces kinetic energy to the waterbody, acting as the stirring rod to keep the lake DOI: 10.5268/IW-6.4.874
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water in motion and inducing surface waves, currents, and Langmuir circulations (Imboden and Wüest 1995) . Through the shear it imparts on the water surface, wind causes the so-called surface set up; the lake surface water is pushed to the downwind end and bottom water wells upward, producing water displacement and circulation. When the wind stops, the relocated potential energy is released, and water oscillates over the entire basin and generates internal seiches (Imboden and Wüest 1995) .
Water stability status, such as mixing and stratification, is a recognized factor for spring phytoplankton development (Sommer et al. 2012 , Yang et al. 2016 . Both surface and internal waves enhance water movement and simultaneously affect phytoplankton distribution. Levasseur et al. (1984) suggested a hierarchical control of phytoplankton in which the frequency of water column destabilization selects organisms with optimal growth rates adapted to prevailing nutrient conditions; the light availability in the mixed layer then determines the presence of diatoms, and temperature sets the conditions for metabolism. Water column stability is therefore the primary factor affecting the phytoplankton niche, through influences on light and nutrient availability. Under stratification conditions, light is sufficient in the epilimnion, but nutrient replenishment from the hypolimnion is blocked. Under mixed conditions, time spent by phytoplankton in the well-illuminated upper mixed layer varies. A greater mixing depth improves the oxygen condition of the lower water column, which affects the internal nutrient loading from sediment; mixing enhances the vertical transport of nutrient-rich water from the hypolimnion (Weithoff et al. 2000 , MacIntyre et al. 2006 ) and could entrain hypolimnetic phytoplankton back to the epilimnion, which directly changes the phytoplankton composition (Reynolds 1986 , Diehl et al. 2002 . Generally, phytoplankton are nutrientlimited during stable stratification and light-limited during deep-mixing conditions. Through mixing, phytoplankton can contribute directly to the community in the upper layer by resuspension with water motion (Beisner 2001 , Pannard et al. 2008 or as a result of vegetative growth from semi-dormant resting stages once resuspended (Millie et al. 2003 , Carrick et al. 2005 , Yang et al. 2015 .
High-frequency measurements of the water temperature profile can improve information to describe timing, duration, and development of thermal stratification and elucidate the physical properties and biochemical cycles of lakes (Lauster et al. 2006) . Padisák et al. (1990) found that even short-term mixing could stir up and shift phytoplankton in Lake Balaton, Hungary. Episodic mixing occurs when the wind is sufficient to overcome density-derived stability or to induce internal seiches. Such events can occur rapidly and cause long-term changes in nutrient status and plankton. Weekly measurements of temperature and wind speed may miss these unpredictable, important mixing events. High-frequency measurements, even when averaged into daily or weekly values, better represent the stability level and its variations than infrequent sampling. This study combined data from high-frequency measurements of climate-related factors and weekly water chemical analyses with phytoplankton data collected from Lake Erken during the ice free-periods from 1989 to 2011 to investigate the effects of thermal stratification on the phytoplankton dynamics. We hypothesized that physical forcing, in particular wind-induced mixing events, directly shift phytoplankton composition, and that the effects of mixing on light and nutrient availability shape the phytoplankton during summer in Lake Erken. The relative importance of mixing on light and nutrient availability changes with the development of thermal stratification during summer.
Methods and materials
Field work and data collection Lake Erken, located in eastern Sweden (59°51′N, 18°36′E), has a surface area of 24.2 km , a maximum depth of 21 m, and a mean depth of 9 m. It is a dimictic, mesotrophic lake, ice-covered in winter. Lake Erken has a water retention time of 7 years, and during summer external phosphorus loading is <0.02 mg/m 2 (Pettersson 1985) . A moored water temperature monitoring system (59°50.578′N, 18°38.126′E) is deployed during ice-free periods. The data loggers register water temperature profiles every 30 min every 0.5 m from the surface to 15 m depth. Average wind speed is measured 1.5 m above the lake surface and stored at 10 min intervals. Another monitoring system, located on a small island ~200 m from the nearest lake shore (59°50.345′N, 18°37.774′E), measures total incoming radiation and water temperature at 3 depths (1, 3, and 15 m) at hourly intervals year-round. Water and phytoplankton samples were collected weekly during ice-free periods at the deepest site of the lake, 700 m from the shoreline. During this sampling, water temperature profiles were manually measured to determine the epilimnion depth before collecting lake volume-integrated water and phytoplankton samples. Samples were collected from the surface to the bottom when the lake was isothermal and from the epilimnion during stratification.
Laboratory measurements
Soluble reactive phosphorus (SRP; Murphy and Riley 1962) , total phosphorus (TP; Menzel and Corwin 1965) , nitrate (NO 3 -N; Wood et al. 1967) , and soluble reactive silica (SRSi; Mullin and Riley 1955) were measured in the Water column stability and phytoplankton dynamics in a temperate lake Inland Waters (2016) 6, pp.409-508 analytical laboratory of the Lake Erken Laboratory. The Utermöhl method was used to enumerate the phytoplankton to the lowest taxonomical level possible, usually to species level (Lund et al. 1958) . Because phytoplankton analysts change with time, phytoplankton composition was classified by functional group (Reynolds et al. 2002 , Padisák et al. 2009 ), which seemed to be insensitive to change of investigator in 2 independent studies (Hajnal and Padisák 2008, Nõges et al. 2010) .
Data processing
Availability of high-frequency measurements and number of phytoplankton samples were compiled (Supplemental Material Table S1 and S2). Temperature profile and wind speed data were processed using Lake Analyzer. It is a freely available program used to calculate several lake stability indexes (Read et al. 2011 ) and requires highfrequency temperature profiles and wind speed data, and information on lake bathymetry. The calculated Schmidt stability (St) is a measure of the energy required to fully mix a thermally stratified lake, and the Wedderburn number (SW) indicates the likelihood of upwelling events under stratified conditions. SW <1 indicates that the uppermost thermocline will break the surface layer at the upwind end of the lake, and metalimnetic water will be entrained into the surface mixing layer, leading to the deepening of the mixed layer (Read et al. 2011) . Buoyancy frequency (SN 2 ) is the maximum frequency at which the propagation of internal waves can be supported by the density stratification, which equals the frequency at which a water parcel would oscillate when shifted vertically out of its equilibrium position (MacIntyre et al. 2002) .
In this study, the lake was regarded as stratified when the temperature difference (TempD) between 1 and 15 m was >1 °C (Engelhardt and Kirillin 2014) . TempD was applied in this case because these data are year-round, and the temperature profile buoy was not always deployed before the onset of thermal stratification. Onset of stratification was the first day when TempD was >1 °C for longer than 96 h. Comparison of various stratification indicators at several threshold levels (Supplemental Material Figure  S4 ) suggested that no significant difference exists for TempD, St, and relative water column stability (RWCS; Padisák et al. 2003) to indicate onset and offset of stratification in Lake Erken.
Statistical analyses
The generalized additive model (GAM) introduced by Hastie and Tibshirani (1986) allows arbitrary functions for modeling the influence of each covariate on a responsive variable. Clustering analysis and nonmetric multidimensional scaling (NMDS) used the Bray-Curtis dissimilarity index, which reflects the compositional similarity of communities. The "envfit" function was applied to find the significant environmental factors for the distribution pattern shown in NMDS. GAM, clustering analysis, and NMDS analysis used the R package "vegan" (Oksanen et al. 2013) . Spearman correlation and ANOVA tests were operated in JMP 11.0 (SAS 2014).
Results

Thermal stratification and nutrient dynamics during summer in Lake Erken
Based on our study criteria, the duration of Lake Erken summer thermal stratification varied from year to year, ranging between 54 and 145 d (Fig. 1) . Surface water temperature (WTemp1) and total radiation (Tot Rad) increased gradually from the beginning of summer and reached a maximum in late July or early August (Fig. 2a  and b) . Both the ratio of euphotic depth to mixing depth (Z eu :Z mix ), indicating the light availability for phytoplankton (Fig. 2c) , and thermocline depth (SthermD; Fig. 2d ) are variable during summer, with a high average value usual in midsummer. The stratification intensity as given by St showed a typical pattern of summer thermal stratification development general for temperate dimictic lakes (Fig. 2c) . During June, July, and August, St had a mean value of 92 J/m 2 with a variance of 57 J/m 2 . Generally, the water column became increasingly stable around week 25 as the summer began (from week 23 onward), warming the surface water. As summer proceeded, a relatively stable stratification developed around late July and/or early August. The lake then gradually lost stability and shifted into autumn turnover as temperature and radiation decreased. Summer stratification in Lake Erken had large interannual and intraannual variations of length and intensity. Total biomass (wet weight) of phytoplankton during summer was ~1.5 mg/L on average, with a peak (nearly 7 mg/L) observed in midsummer (week 30; Fig. 2d ). Furthermore, higher biomass with greater variations occurred close to the end of summer in late August/early September.
The concentrations of SRP, NO 3 -N, and SRSi during summer (Fig. 3) indicate that SRP and NO 3 -N concentrations were generally low in the epilimnion during the whole summer. SRP concentration was <10 μg/L and NO 3 -N concentration was <15 μg/L. By the end of summer, the SRP pool was replenished by about week 36. SRSi exhibited a more variable pattern but was higher on several occasions during summer, averaging 1.25 mg/L.
GAM provided the nonlinear relationship between SW and St (significant factors) and seasonal thermocline depth (SthermD) variations (Fig. 4) . Values on the y-axis were centered, so the value of 0 is the mean of SthermD (10.24 m). As the modeled line depicted, the fitting y-value moved away from 0 in a negative direction (e.g., y = −5); SthermD was calculated as the y-value plus the mean (SthermD = −5 + 10.24). GAM showed an opposite changing trend for SthermD versus St; SthermD increased rapidly when SW was <1 and afterward tended to be stable.
Phytoplankton dynamics in summer
Weekly development of absolute total biomass and relative biomass of phytoplankton phyla during summer in Lake Erken (Fig. 5) showed that Cryptophyta initially dominated the summer community, followed by Dinophyta in midsummer, and finally by a Cyanophyta bloom. Bacillariophyta, however, appeared occasionally as a consequence of increased mixing. Close to the end of summer, the phytoplankton community had a tendency toward diatom dominance. For dynamics at functional group level, bubble size on a bubble chart (Fig. 6) indicates the relative biomass in the community. Group A and B (centric diatoms) were present in the early summer communities, coexisting with group X2 and X3 (Chrysoflagellates) and group Y (Cryptomonas spp.). This period coincided with the "clear water phase" of low biomass and diversity. Subsequently, L M (Ceratium hirundinella) and J (Scenesedmus spp., Pediastrum sp., and Coelastrum sp.) increased, and H2 (Gloeotrichia echinulata) formed a bloom in midsummer. As the bloom declined, species within group P (Aulacoseira granulata and Fragilaria crotonensis) and MP (Fragilaria construens, Navicula sp., and Nitzschia sp.) became dominant in late summer/early autumn. In addition, diatoms from groups A, B, and P appeared in the community occasionally throughout the summer. 
Relationship between water column stability and phytoplankton in summer
We detected 3 clusters during summer in Lake Erken (Fig. 7a) . NMDS showed the distance/dissimilarity between these clusters and mapped them on a biplot (Fig.  7b ) in relation to the significant environmental gradients. Corresponding to the temporal sequence by week numbers (Fig. 7) , the 3 clusters represented communities in 3 phases throughout the summer: early (week 23-28), mid (week 29-33), and late (week 34-36) summer. The trajectory of phytoplankton development from early to late summer was correlated with St (r 2 = 0.75, p = 0.0001), Z eu :Z mix (r 2 = 0.89, p = 0.0001), and SRP (r 2 = 0.47, p = 0.009). Early summer communities were included in cluster 1 (from week 23 to 28) and had greater diversity than the communities during mid-and late-summer phases. Communities distributed on the increasing direction of St (arrow in Fig. 7b) , and those in midsummer within cluster 2 (from week 29 to 33) experienced relatively stable conditions, indicated by high St (Fig. 2e) . After the stable stratification period, some nutrient replenishment could occur with decreasing St and Z eu :Z mix (Fig.  3a) . Phytoplankton during the late summer phase (week 34 to 36) was in cluster 3 and covered a relatively small area. WTemp1 (p < 0.001), Tot Rad (p < 0.001), St (p = 0.0008), SW (p = 0.0005), and SN 2 (p = 0.0018) were significantly different in the early, mid-, and late-summer phases (Fig. 8 ). Significant correlations between St, SW, and SN 2 and functional groups of phytoplankton (Table 1 ) indicate that St was negatively correlated with groups B and C but positively correlated with H1, N, and S1. SW was positively correlated with A, F, P and X1. SN 2 was positively correlated with A, F, H1, H2, L M , and N, but negatively correlated with X2 and X3.
Discussion
The total energy in a lake includes (1) thermal energy stores in the water, (2) the potential energy difference between current stratification and potential energy of the lake when completely mixed, and (3) kinetic energy derived water motion (Imboden and Wüest 1995) . Wind introduces a major disturbance to the water column that could cause variations of thermocline if sufficiently strong. In Lake Erken, thermocline depth variation is governed by (1) wind-induced turbulence, mainly from surface setup and the ensuing internal seiches when wind stops; and (2) convective mixing, which deepens the mixed layer and reduces stability when the air temperature is lower than that of the surface water, as found at the end of summer and in early autumn, and initiates autumn turnover in dimictic lakes. SW provides a simple way of predicting wind-induced internal waves, and its values 
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−0.21 0.0094 buoyant and able to remain in the upper water column and prefers both high temperature and high light availability. It has the ability to store phosphorus and fix nitrogen gas and therefore has competitive advantages during this phase of stratification (Istvánovics et al. 1994 , Yang et al. 2015 . Green algae (group J) increased in relative abundance in the community during late summer as the lake started to lose stratification, characterized by low St and high SN2. The late summer cluster comprises large-sized species with filaments and a mixing preference similar to diatoms. The nanoplankton Chrysochromulina sp. (group X2) also appeared during this period. Because of its ability to migrate, its presence correlated significantly with stratification intensity (Wilhelm and Adrian 2007) .
Results of ordination with environmental gradients and correlation of stability indexes with main functional groups suggested that water column stability influenced community composition. Species with low critical light intensity requirements dominated unstably stratified periods, including species such as Chrysochromulina parva and Ceratium hirundinella, whereas species with the capacity to float or migrate dominated the community during the stratified period. In the transition between mixing and stratification or vice versa, the community shifted between dominance by mixing-dependent diatoms and small-sized or motile species. Some diatoms (groups B and P) appeared several times throughout the summer as a result of wind-induced partial mixing and/ or upwelling events during stable stratification and the beginning of autumn turnover, as detailed in Yang et al. (2015) . Phytoplankton that spend part of their life out of the euphotic zone are known as meroplankton, and these vegetative cells sink out of epilimnion and can subsequently be transported up and contribute directly to the epilimnetic community. Several occasions with diatom presence in the summer community provide evidence of the significant role of mixing events on the dynamics of phytoplankton.
Wind-induced turbulence influences phytoplankton distribution, directly changing the community composition depending on species-specific preferences for water column stability, whereas mixing concurrently changes the light availability and nutrient status, creating specific niches for phytoplankton. These direct and indirect influences steer the development of phytoplankton taxa and biomass. In conclusion, Lake Erken is an unstably stratified lake mainly as a result of wind-induced turbulence and internal seiches during summer. It is reasonable to conclude that water column stability is the primary driving force of the summer phytoplankton dynamics in Lake Erken.
suggested that internal waves were occasionally present throughout the summer in Lake Erken, which means in some cases daily winds were sufficient to induce episodic partial/complete mixing events. Wind-induced turbulence and internal seiches are the main factor causing Lake Erken to be an unstably stratified lake.
To survive, phytoplankton need to balance contrasting gradients of 2 essential sources: sufficient light, which is abundant in the upper layer, and nutrients, which are supplied from bottom layers. This dilemma is the so called "algal game" (Klausmeier and Litchman 2001) in which water column stability plays a critical role. As a lake stratifies, light is only sufficient in the epilimnion, and species sinking out of the epilimnion stay in a relative cool and dark, but nutrient-rich, hypolimnion. Mixing has 3 main effects: (1) the time that phytoplankton spend in the well-illuminated epilimnon varies; (2) stratification blocks the nutrient replenishment from bottom waters, but mixing would improve water exchange; and (3) phytoplankton are passively transported by mixing and redistributed in the water column. Cantin et al. (2011) suggested that thermocline deepening could shift phytoplankton composition. The intrinsic rates of planktonic algal movement are generally lower than the current velocity (2.5 cm/s) generated by winds at a speed of 1 m/s, which means that the currents are sufficient to entrain and disperse most phytoplankton (Webster and Hutchinson 1994) .
Our results suggested that for a nonmotile speciesdominated community, total biomass was mainly limited by sedimentation loss when thermocline depth was shallow (early summer), by light when thermocline depth was deep (late summer), and by nutrient resupply rates when thermocline depth was intermediate (midsummer). Early summer is the beginning stage of stratification, accompanied by increasing water temperature and solar radiation. The formation of stratification is frequently interrupted by mixing, which creates a dynamic environment and causes frequent shifts in the phytoplankton composition during early summer. A spring bloom of diatoms has been described previously (Pettersson 1985 , Yang et al. 2015 . Small-sized diatoms have high nutrient use efficiency and low light requirements, so they are fast-growing species that can rapidly take over the vernal assemblage. As nutrients are depleted at the end of spring, the bloom collapses, thermal stratification forms gradually, diatoms lose their competitive advantage due to their requirement for constant mixing, and they are lost to sedimentation.
As Lake Erken stratification became more stable toward midsummer, indicated by St and SW, phytoplankton developed toward a cyanobacteria-dominated assemblage (H2). In Lake Erken, Gloeotrichia echinulata is the typical summer bloom species, which is
